Ab initio and density functional theory (DFT) studies along with gauge-including atomic orbitals (GIAO) have been carried out on 
Introduction

31
P NMR as a structural tool for identification in the field of organophosphorus chemistry is srongly influenced through the sensitivity of the 31 P NMR chemical shift to the structural environment.
1 In turn,
P shifts provide valuable information about the nearest neighbors of the P atom in the molecule. 2 To illustrate, interestingly, a literature survey showed that the 31 P NMR chemical shifts of structurally modified OP ester pesticides, replacing (RO)P=O by (RS)P =O, (RO)P=S and (RS)P=S functionalities, resulted in 31 P chemical shift changes by up to 100 ppm as summarized in Table 1 . [3] [4] [5] [6] [7] In rationalizing such results one of the guiding principles that has come through theoretical and experimental studies is the concept of electronegativity, i.e. that increase in electron density of an atomic nucleus enhances its shielding, resulting in an upfield chemical shift. However, excepting triesters (Table 1) the 31 P NMR chemical shifts for OP pesticides show upfield shifts when strong electronegative atoms or groups are attached, i.e. an inverse chemical shift trend which is contrary to what may have been expected. 2, 8 Furthermore, the 31 P NMR chemical shifts for OP pesticides show upfield shifts when the OP is coordinated to transition metals. 3, 4, 8 Similarly, in studies of the series of compounds Ia-d containing different X substituents on the meta and para positions of the phenyl moiety, it was found that electron withdrawing substituents lead to an upfield shift of the 31 P signal, pointing to a shielding effect on the P atom. 9 However, contrary wise, in studies of the alkyl and aryl phosphinate ester series IIa-c Hoz, Buncel and co-workers 10b found that electron-withdrawing substituents (X) induced downfield shifts in 31 P chemical shift, i.e. a normal dependence on the substituent effect. For all three sets, IIa-c, correlation of δ 31 P with Hammett-Taft σ (or σ o and σ − ) were correlated, however, σ − -value was most preferred over application to the alkyl and aryl phosphinates. The correlation between δ 31 P and sign could be accounted for by considering the resonance structures IIIa and IIIb where IIIb results from donation of an electron pair on the phenoxy oxygen to a d orbital of the partially positive P atom in III.
It was proposed in the case of the phosphinate ester series IIa-c that the electron-withdrawing substituents act to deplete the electron density on the aryl oxygen, thereby weakening a p π -d π bonding interaction between the aryl oxygen and phosphorus.
10c The incidence of d π -p π bonding has also been invoked by other workers. Grabiak et al.
11
noted that an increase in the d π -p π bond back-donation effect was responsible for an increase in d-orbital occupation on phosphorus and a shift of the 31 P signal to higher field. This shift to higher field is accounted for by the increase in P=O bond order by stabilizing the major resonance structure IVa relative to IVb when electron-withdrawing groups (EWG) 
2+
, and present the results herein.
Theoretical Study: Methodology
As the experimental field of multinuclear NMR increases in importance, the theoretical calculation of NMR properties are requested to be provide the ability to wide variety of systems. Semi-empirical theories are only reliable for analogues of already understood systems, while traditional ab initio methods are constrained by the expense involved in treating electron correlation adequately. Density functional theory (DFT) provides a third path between these two methods and is now often the method of choice for investigating organic and inorganic systems, especially those containing metals. In this work calculations for 31 P NMR chemical shifts have been carried out using the Gaussian 98 package.
14 Structures have been fully optimized at the DFT of Becke's 3-parameter hybrid method using the correlation function of Lee, Yang, and Parr (B3LYP)
15 at 6-31G(d) level. Calculations of absolute shielding constants have been performed using the gauge-including atomic orbitals (GIAO) perturbation method 16 with HF and MP2 methods at 6-311+G(2d, p) level. For the larger molecules only the HF method was used to compute absolute shielding constants. Theoretical 31 P chemical shifts were calculated using absolute shielding constants and reference to H 3 PO 4 (δ = 0.0) Also, the ADF packages 13, 17 were used to the complement some of the Gaussian calculations.
Results and Discussion
Experimental values of P chemical shifts amongst real chemicals classified by different functionalites are listed in Table 1 . The first column of Table 1 is corresponds with the Scheme 1. The last column, 4 as shown in Table 1 is average values of experimental chemical shifts and compared with reference chemical shifts in which is H 3 PO 4 here. The theoretical GIAO calculation of absolute nuclear shieldings (in ppm) of organophosphorus esters and organophosphorus ester anions has been performed using by both Gaussian and ADF commercial packages. Each structure, 1, 2, 3 and 4, and 1 Tables 2 and 3 corresponds to the same as shown is Table 1 respectively. The Gaussian calculation results for the absolute chemical shifts are listed in Tables 2 and 3 respectively. The calculated relative chemical shifts are in good agreements with those of experimental values. We tried both methods of SCF and Moller Plesset Perturbation (MP2). However, the results from MP2 did not improve significantly. Also, we are reporting the calculations results of P, O and S charges. Tables 1 and 2 ). Atomic net charges for phosphorus and organophosphorus ester anions shifts in the order 4 < 3 < 2 < 1 (Table 1) . However, calculated 31 P NMR chemical shifts for organophosphorus esters and their anions decrease in the order 4 > 3 > 2 > 1. The differential electronic structure including the bond order and charge localization of the P=O and P=S bond are discussed in detail elsewhere, 18 so we do not discuss it in the present work. However, the relative bond order and charge localization show to vary the structure of phosphorus compounds changes. Also, the origin of 
The diamagnetic components (δ d Table 4 ), 12 thus the paramagnetic contribution is dominant.
12 In order to have a better Chemical shifts are given with reference to H3PO4 (δ = 0.0). TPT = total paramagnetic tensor. TDT = total diamagnetic tensor.
understanding of diamagnetic and paramagnetic contributions for the P chemical shifts, we performed individual paramagnetic and diamagnetic tensor component calculations using ADF package. The total diamagnetic and paramagnetic contributions are break down to total six individual tensors. Defining the NMR shielding tensor is the first step to calculate NMR absolute chemical shifts. In the absence of electrons, the magnetic field felt at the nucleus is the same as the external magnetic field. In the presence of electrons the magnetic field induces electronic currents that create their own magnetic fields. As mentioned above the magnetic field at the nucleus may be different to the external magnetic field. Paramagnetic currents reinforce the external field and thus deshield the nucleus. Diamagnetic currents counter the external field and thus shield the nucleus.
The magnetic field at the nucleus and the external magnetic field can be related by 3X3 NMR shielding tensor.
12b In solution, because the molecules are rapidly tumbling, only the trace of the tensor gives the NMR isotropic shielding constant. Calculating the NMR shielding tensor starts with defining the Hamiltonian. It could be expressed for the energy of a system in terms nuclear magnetic moment and the external magnetic field B, then the NMR shielding tensor can be determined from the Kohn-Sham energy using a relativistic Hamiltonian h. The Pauli Hamiltonaian or the Zeroth Order Regular Approximation (ZORA) can be applied to the given system. Given a Hamiltonian, the magnetic field that acts on the electrons, originates from both the external magnetic field and the nucleus magnetic field. The next logical step is to introduce the molecular orbital and basis functions. With including the spin orbital coupling, the α and β spins get mixed up. So the MOs have the complex coefficients and basis functions. Because the magnetic potential A is used in the density functional formalism instead of the magnetic field B in the Hamiltonian, we get gauge-invariance problems. From a consequence of this process, we can get different values of energy, NMR shieldings, and other properties for the condition of the moving molecules. To solve this problem we use gauge-including atomic orbitals (GIAO) as our basis functions. Also, the NMR tensor can be partitioned into three parts. For the Pauli formalism, the NMR shielding tensor can be partitioned into the three parts of paramagnetic, diamagnetic and Fermicontact. For the ZORA formalism, the NMR shielding tensor expression can be partitioned into the tree parts of paramagnetic, diamagnetic and spin-orbit. The paramagnetic tensor can be further break down to four tensor components (please see Table 4 ); b^ (1) p is the first-order change in the core-orthogonalization coefficients, μ^ (1) p is the first-order change in the MO coefficients, s^ (1) p is the first-order change in the overlap matrix and gauge components. The diamagnetic tensor can be break down to tow parts as core part and balance part respectively. The calculations results on individual tensors are shown in Table 4 . Also, the final calculated chemical shifts are compared with Table 1 . The theoretical derivations and definitions of these tensors are explained in details at the pioneering work by Ziegler.
12 The diamagnetic components (δ Table 4 ), 12 thus the paramagnetic contribution is dominant. 12 As pointed out by Chesnut, s and p orbital contributions lead to bond shortening, while d and f orbital contributions tend to expand and destabilize bonds.
21 Table 4 shows the individual paramagnetic and diamagnetic tensor components. These results are in good agreement between theoretical and experimental 31 P NMR chemical shifts for organophosphorus esters (see Tables 1 and 4 ). The total shielding components σLDA are dominated by the large positive diamagnetic components core d and balance d whereas the paramagnetic components b^(1) p and μ^(1) p are negative. Total diamagnetic tensor (TDT) is constant whereas the total paramagnetic tensor (TPT) indicates a large change for the different structures of organophosphorus esters.
31
P chemical shifts are dominated by paramagnetic contribution whereas diamagnetic components will not contribute much to the 31 P chemical shift since diamagnetic shielding largely comes from constant core terms.
5,12
Metal ion effects on Results of ADF calculations of absolute nuclear shieldings (in ppm) and structure values are given in Table 6 using LDA correation functions and TZP basis set. The Gaussian B3LYP calculation results indicate that both Ag + and Hg
2+
complexes are optimized to the complex structures of Figure  3 and O-metallated PA…Ag + complexes are given in Figure  4(4a-b) . However, in the ADF calculations, the optimized structures S-metallated PA − …Ag + structure has shown as the actual bond energy was −2.894793 a.u. whereas the Ometallated PA − …Ag + structure bond energy was −2.85151 a.u. The S-metallated structure has significantly lower energy than the O-metallated structure. The PA − with bound metal ion is in accordance with the hard-soft acid-base (HSAB) principle.
23 Also, the chemical shifts for both Ag + and Hg 2+ S-metallated complexes has shown to be in good agreement with the experimental values. Figure 5 shows the cartoon model of ADF results on Smetallated PA − …Ag + and O-metallated PA − …Ag + (PA − … Hg 2+ complex has similar structure).
Conclusions
In this work the electronic influence of constituents at phosphorus atoms on 31 P NMR chemical shifts has been examined theoretically. The major contribution of 31 P NMR chemical shifts derives from the total paramagnetic tensor and the variation of d orbital population on the P atom by d π -p π bond back-donation.
